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TSPtaiOS OF POISER-FIfANT INSTALLATIONS 
PRESSURE-LOSS CHARACTERISTICS OF DUCT COHPOBENTS \ 

By John R. Henry 



SUHUARY 



A correlation of what are belLoyed to be the most 
reliable data available on duct components of aircraft 
power-plant Installations la presented berelA. The in- 
formation is given in a convenient form and is offered 
as an aid in desi^jnlng duct systems and, subject to 
certain qualifications « as a guide in estlinatlng their 
performance . 

The design and performance data include those for 
straight ducts; simple bends of square, circular, and 
olliptical cross section; compound bends; diverging and 
converging bends; vaned bends; diff users; brunch ducts; 
Internal inlets; and angular placement of heat exchangers 
E?:amplea are included to illustrate methods of applying 
these data in analyzing duct systems. 



IMTRODUCTIOR 



The objectives in the design of an aircraft duct 
system ere to fit the components of the system within 
the available space and to meet an air-flow demand with 
a minimum of energy loss. Analyses of duct systems are, 
in general, made for one or more of the following 
purposes z 

(1) Estimation of pressure loss in a duct 

(2) Determination of rate at which air will flow 

tbroueth 01 given duct system 
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(3) calculation of exit area required to obtain a 
daaired rate of air flow througb a given 
duot system 

ik) Staluation of airplcuie drag chargeable to flow . 
throug^h a duct system 

Aircraft duct systems occur In an Infinite diversity 
of forms but 9 for the purposes of design and analysis^ 
must at present be treated as a scries of component parts 
such as bends J nozzles, and dlffucera - for which design 
and performance data are available • Analyses of duct 
systems are generally step -by- step procedures In v^hlch 
changes In the energy and the physical state of the 
ducted air are followed progreeelvely from the free stream 
ahead of the aii^plane througjh the successive duct com- 
ponents to the point of discharge from the airplane. 
Sl2npllf led procedures for making such analyses are given 
In references 1 and 2, and a precise, rigorous method Is 
given in refbrenct? 3* Tliesa references are primarily con- 
cerned )7lth analytical procedure and do not deal with loss 
characteristics of duct components. 

A large amoimt of experimental data and some theo* 
retlcal treatments of the flow In duct coirponents exist, 
but the data often appear to Inconsistent and some of 
the theoretlcel treatments c;ve contradictory. This lack 
of egreement. Is principally due to Inadequate considera- 
tion of all variables affecting tlie flow characteristics - 
a natural consequence of the tmdeveloped state of the 
theory. 

The piirpose of this paper Is to present. In simple 
and concise form, Infomatlon useful for the analysis and 
design of duct systems for aircraft power-plant instal- 
lations. Data are presented on design crlterlons and 
pressure-loss characteristics of straight ducts, duct 
bends of various cross-sectional shapes, vaned bends, 
branch ducts, and several types of dlffuser. Several 
e:camples are presented to show methods used in analyzing 
duct systems. 

In the present report the most reliable data avail- 
able have beon used but some of these delta are recognized 
as questionable. In cases in which data from different 
sources are inconsistent, the material presented is, 
as far as possible, a mean weighted by consideration of 
the conditions under which the results were obtained. 
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In oasea In which data for 'a partlotilar type of duct com- 
ponent have hean obtainable from pnly one source and were 
therefore without adequate oorroboration^ these data have 
been presented for labk of better.- 

The flow characteristics of any duct component are 
considerably aff eoted by variations In the nature of the 
upeio-^oen flow; *or tlie data presented the type of flow 
is hh&^ gonerr^ttid by a lonj; straight pipe. "Beoeuse of 
thtc j^iffor/c An.1 the limitations on available data., the 
pr^jftent dlsousiion of flow coefjilolenta for duct oompo- 
ne.'ite Is i3ub.Iv*ct to extension and revision when xriore com- 
pr.3fa?:n2Xv3 diica H^come available. If the preaaure and 
velocity d.' 5Trlb:Tti-:ii8 of the flow at the irlot of a 
duc-i r;je-.fi^n'; are r.ot uniform, tiie total-pi-njsaure loss 
thi";':;,"^: tiie r: otitic ^-rr.i; will be groate.? tliun xould. ''^e pre- 
die ^7 uc'*. .>f tiiB present data, 3abJeot to these 
0U';.'.H*j.'.:-iuJ.o;-is, t}:s naterlal preflor.tec?. la offeroa as a 
gu.^ V I:^ dcrijn/.t.g iluct syatema end er-t iaiatl cig tr.oir 
per;-;'?r'r.r:>;»co; lv;.vPvor, for the attaLomert of beat perform- 
ance, coniploi'-.a syffbeiiiff should be refined by tests of 
airplane nodexs in wind tunnels or tests of duct* systems, 
in which the air flow is induced by ^lowers. 



SYUBOZiS 




A 



duct crosM-sectlonal area^ squai'e feet 



V 



a 



velocity of sound, feet por second 
lift coefficient (l/qc)i 



o 



length of vane chord, feet 



D 




) 



•4 r 




d 



diameter, feet 




f 



friction f aotop for straight ducts 
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8 gap or vane spacing, pnx^pandiculor distance betvean 
vane cbords^ feet 

E total preasupe^ pounds per square foot 

h height of duct (in oase of bond, dimension In plane 
perpendicular to plane of bend), feet 

K arbitrary constant 

kj^ bfrnd-loss coefficient of bend divided by ^ 

of equivalent constant->area b3nd with id&ntical 
Inlet) 

kg total-pre*3aure-losa coefficient or dlffuser expres^sed 
as frecticD Df loss due to 8uddf>n expansion 

~i of diffusei- divided by {1 - ^ ) 

L lift, poundc per foob of span 

I axial length of dixct, feet 

M Maoh nuLiber (V/a) 

m mass rate of flot?, sluf^s per second 

n nuiriber of vanes in c'uct bend 

P periaetar of duct cross section, feet 

p static presaure, pounds per square foot 

volume rate of flow^ cubic feet per second 

q dynfimic prassiu'e, poundn per square foot ^|pv^ 

R Reynolda number (pVD/|i) 

r radius, feet 

r me&n rftdius of band, foet 

T tenqperature , absolute 

V velocity In duct, feet per second 




NAGA ARR Ko. lI\V26 3 

Vq free-stream velocityj faet por second 

w duct* width {In case of beiid, diinecaUbti in plane of 
bend), feet >^ 

ebeclflsa and oi'dlnabe of standard coordinate system 

a azigle of attack In relation to air-atream direct ion« 
de(5reas 

P angle of duct bend, degrees 

X angle of Junction of duct and resistance unlti 

de£;ree3 

p donalty of air, elugj per cubic foot 

p abdolvitR viscosity of air, pcand-eoconds per square 

foot 

£11 total-pras.jiire loss, pouuda per cquure foot 

tctal-f ressure loss? due to angle batvrcen duct and 
resiptanoe unit 

Ap £;t«tic-F^<»caure loss, pounds per rcua-'c foot 

LT ch'-.n^e in t'^Tiiroi'.'' turj, ^-^P 

AV total vGcb-^r-Yolcci ty chani^e, fjet per socond 

0 one i If equlval^^nt conical anijlo of expansion, 
decrees 

Q> one-lialf angle between stral£jat w&lls of parti-silly 
curved diffuscr, degrees 

total •^pressiu'e -loss coefficient 

r/w radius ratio 

h/w aapect ratio 

Subscripts : 

a inside wall of bend 
b outside vail of bend 
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d (Uffuser 

.6 exit 

f face 

n flared Inlet 

i Inlet 

r resistance unit 

X arbitrary Suation 

0 in free stream 

1^2,3j«-* stations in duct oyateic 

max xnaxlarum , 

min minimum 



OEiraSAL PRINCI?I£S Oi*» DUCT DESION 



3kln Trie t Ion and flow sepa<.^ation are tv.o f undamontal 
causes of pressure loss In full7 turbulent flow ttirouj;!! 
any duct CQiuponent. The lose In n given duct caAponent 
from each of these causes is rouj^kily proportional to the 
dynamic pressure of air flow. Since the dynralc i^ressure 
of the air flow io proportional to tho square of the flow 
velocity, the first basic principle in the design of 
efficient ducts Is th3 n^aintenance cf a low flow velocity 
by the use of .ducts of adequate size. The Importance of 
this principle may be illustrated by noting that, fcr a 
given rate of air flow, halving the dlaneter of a circular 
duct iDuItlplles the velocities Dy 1|. and ths losses by \6m 

Althou^ skin friction Is the dominant cause cf 
pressure loss In flow throofij: straiglit duct3 of constant 
cross section, this pressure los3 is siusll cozripared with 
the losses that occur when the nuln flovr separates fron 
the duct walls and thus creates areas of reverse flow and 
violent turbulence between the main flow and the duct wall. 
These areas require velocities in the main strean higher 
than are otherwise necessary. The second basic principle 
in the design of efficient ducts, therefore, is the maxi- 
mum reduction of flow separation. 
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One type of flow-^aoparation-oooura-^ ivhen foroes arise 
In the air stream In a dlrebtlon opposite to the direc- 
tion of flow. Such a force la the pressure rise (or 
^adverse pressure gradient"*} produced hj a deceleration 
of the air flow - for example j the deceleration of the 
air flow In a dlffuser* The rate of pressure rise that 
may occur without producing flow separation depends on 
the velocity of flow near the duct wgc11> because the 
presence of thick boundary layers of slow-'^movlng air Is 
conducive' to separation. Conversely, a decreasing pres- 
sure In the direction of flow (or a "^favorable pressure 
gradient ^Mjt auch as occur* in a noz2le, tends to prevent 
separation. 

Changes of flow direction^ as In bends, slso give, 
rise to forces that tend to cause separation of flow 
from the inner surface of the bendi Surface roughness 
or protuberances that cause local disturbances or re- 
tardation of the air near the duct wall aggravate condl*- 
tions of incipient separation* Screens or resistances 
across the entire duct, on the other hand, tend to 
stabilize tlrie flow and oppose separation by resisting 
flow increases In the center of the duct at the expense 
of the flow near the walla of the duct. 



FROFSRTIES AND DBSIGN OF DUCT COMPOIIENTS 



Pressure-loss characteristics and design criterlolls 
of several typical duct components are given in f Ig*^ 
ures 1 to 16. The total -pressiure-loss coefficient AH/q, 
a ratio of loss in total pressure to dynamic pressure at 
the entrance to the duct oonqponent, has been given di- 
rectly wherever possible; in all other oases, coefficients 
are given from which the pressure-loss coefficient can 
be computed* 

Stral^t ducts of unlfpm cross sec clon .- 51ie 
pressure** loss coerricient rbr straignt auocs of uniform 
cross section is given by the relation 

The friction factor f varies with t)ie character of the 
duct surf ace and the Reynolds number based on mean air 
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veloolty and the hydraulic diameter of the duot. Values 
of f obtained from figure ^1 of reference 2). are plotted 
against Reynolds number In figure !• Data Iji figure 13 
of reference ^ agree closely with values in figure 1. 
Determination of the Reynolds number Is facilitated by 
supplementary curves obtained by plotting the ratio of 
mass rate of flow to duct perimeter against Reynolds 
number for a number of air temperatures. The kinetic 
viscosity of the air used in constxniotlng the supple- 
mentary curves of figure 1 was determined by Sutherland's 
equation as presented in reference 6. 

A typical value of liK/<l for straie^t aircraft 
ducts is 0.02^ J lAiich is usually inconsequential com- 
pared with other parts of the system, and the loss in 
sections of straight ducts is generally neglected. Long 
winding ducts of small diameters, such as oabin*heater 
ducts, are sometimes treated as straight ducts of higher 
than average pressure loss due to friction. The us*^ of 

is recommended in reference 7« 

90^ bends of constant-area rectangular cross sec- 
tion Pressure-loss coefficients of 90^ bends of . 
constant-area and rectangular cross section given in 
figure 2 for three values of Reynolds number based on 
hydraulic diameter are derived from data appearing in 
referehoes % and 8 to 12. The beneficial effect of 
large radius ratio appears throug^hout the range of R 
but the optimum aspect ratio shows a marked change with 
Reynolds number. 

90^ bends of constant-area elliptical cross sec- 
tion .- Pressure-loss characteristics of 90^ bends of 
constant-area elliptical cross section are given in fig- 
ure 3 for three values of Reynolds number. The data 
include circular ducts as a special case and were derived 
from data in reference 5. The benefits of large radius 
ratio and the existence of an optimum aspect ratio are 
noted for the bends of constant-area elliptical cross 
section as well as for rectangular bends. The effects of 
Reynolds number are much }ess for bends of elliptical 
cross section than for bends of rectangular cross section 
and appear mainly for the bends of high radius ratio* 
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90^ ben d s of changing area ,- Significant data (de-^ 
rlyed .from reference 11) conoernod with th8 relation of 
area* chaiige to the" loss- In ^0^ bends of^ a particular 
geometry are shown in figure li.. In this flcure the ratio 
of loss in a bend with changing area to that in a bend - 
with identical inlet form but constant area is plotted 
against the ratio of entrance width to exit width of the 
nonuniform bend* Important reduction of loau in con-- - 
verging bends and serious increases in loss in diverging 
bends are noted; the loss increases are particularly 
serious for bends of small radius. 

Simple bends other tha n 99^/ satisfactory' corra- 
ls tionTIfl^5Tiren"lna3[eror^ variation of pressure- 
loss coefficient with angle of bend. Pressure loss of 
14.5^ bends can apparently vary from one -third to two- 
thirds the loss of a similar 90^ bend^ according to the 
test conditions. 

Compound bends .- Pre&sure-loss coefficients for three 
types of coinpcund bend (fi^. 5) derived from ref«srencG 5 
are shown in figure 6. Inasmuch us differences in the 
losses between the 2»-, and -•offset bends appear 
from reference 5 to be small and inconsistent, tivj cLirves 
presented are avea^ages of results for the three types of 
bend, There £ppears to be l?.ttle vari^-.tion of loss with 
Reynolds number. Introduction of a 5'^foot cpacer bet.veen 
the two parts of the compound bend has relatively little 
effect on the over-all loss but tends to give higher 
values for optimvun aspect ratio • k comparison of the 
180^-bend (U-bend) data of figure 6 with z'm QQ^-bend 
data of figure 2 shows that the relative loas varies to 
a marked degree with the radius ratio and aspect ratio 
of the bend. 

Effects of surface roughness on band losses .- The 
effect or siu?race rougimess on tne losses m straight 
pipes has already been glvsn by the curves of f ljure 1. 
A study of pressure-loss data for bends of 'anGles from 
50° to ^0^ and radius ratios from 1 fo 6 (rafcrence 11) 
indicates that the influ«noe of surface roughness on the 
loss in bends » and prejumably of other duct coniponenta 
in which majo^* flow disturbances arise, is vary much 
greater than can be attributed to the increase in skin 
friction at the mean velocity cf flow* Analysis of the 
data in reference 11 suggests that the ratio of losses 
through two bend^ identical except for surface roughness ^ 
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Is equal to the 1.75 power of the ratio of friction 
factors; that Is^ 



(The suhacrlpts 1 and 2 In this equation are used to do-- 
note the two bends of dil'ferent surface roughness.} The 
exponent greater tlian tuiity ^an ba explained by the fact 
that any deviation from a uniform velocity distribution 
because of extensive boimdary-layer separation or the 
existence of second&ry flows would require that some of 
the flow be at velocities greater than the uniform 
velocity. Equation (2) would not, therefore, be expected 
to apply for & duct component not involving extensive 
secondary flows or separation. 

Equation (2) can be used to correct the bend-loss 
data of tills report to valviea correspondirxg approximately 
to flow through duct bends wlch rou^ surfaces. The 
total-pressure-loss coefficient for smooth-surl'ace bends 
can be determined from the data curves of figures 2 to 1+ 
and £. The curves labeled "anooth sitrfaoe" in figure 1 
are used uo determine the friction fcLCtor for smooth- 
surface bends. A representative value of friction factor 
for rcuqh surfaces ccrrssponding to ducts in prcduorion 
airp3anei$ Vilth tbS usual manufacturing irregularities 

is Ir.Ol. 

Vane d bends .- Vanes may often be advan.tagoously used 
in duct bonds J especially *hen an unfavorable radJus ratio 
or aspect ratio must be tolerated bocause of some limi- 
tation peculiar to the particular design. A correctly 
designed vane installation will improve the velocity 
distribution at the exit of the bend and vrlll goner.^illy 
reduce the pressure losses through the bend. The reduc- 
tion in "pressure loss arises from the tazz that the flow 
in a good vaned-turn Installation approaches that flow 
whluh would occur If the passage wei»e divided luto 
smaller pcfisagsa of the same depth out shorter width and, 
consoruently, of more favorable aspect and radius ratios. 
iVhen Fore than three vanes are used, practical considera- 
tions usually require a bend with evenly spaced vanes and 
equal inner and outer radii. The value that these radii 
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may attain la uaually. llDLitad hj tb». fip.ape .p^qulramenta • 
Figura 7 sliowa an Installation of thin oiroxilar^aro vama 
and defines the variables conoerned In the design of auoh 
a vane Installation. The vanea are equal in radius and 
ohord to the curved portion of the duot aurfaoe. From 
figure 7 it can be aeen that the chord o la equal to 



2r sin ^ 

FrcMzi material given In reference 11 » the following 
expression for the number of yanes required can be derlvedi 

2 AV wi 

The quantity AV la the vector difference of the veloc- 
ities upstream and downatream of the bend, aa llluatrated 
In figure 7* For a given bend conf Iguratlon^ therefore^ 
the number of vanea dependa on the lift coefficient at 
which the vanea are to operate* If too high a lift coef* 
f Iclent la asaumed in determining the number of vanea 
required^ high losses and a poor velocity distribution 
downatream of the bend will result « An assiimed lift coef- 
ficient that is too low will result In too matiy vanes and 
the total-pressure loss through the bend will again be 
excessive* Reference 9 indicates that, for thin vanes 
Installed In a 90° bend, use of a lift coefficient of 0.8 
gives approximately mlnijnuxii losses and a satisfactory 
velocity dlstrlbutlone It is not known whether Cxi^OeS 
is the optimum for thin circular-arc vanes for bend 
angles other than 90°, but a study of reference 19 Indi- 
cates that use of this value In designing bends other 
than 90° bends should give satisfactory results. Results 
given in reference 9 show that for a 90^ bend the angle 
of attack of the vanes a should be hBP, or 5? more than 
half the angle of bend* For other angles of bend, the 
amount by lAiich the angle of attack exceeds half the 
angle of bend might be adjusted proportionately to the 
angle of bend as a first approximation; that is^ for a 
bend, an angle of attack of Z^P would be indicated. 

.For a 90^ bend with Inlet and outlat the same in 
area and shape, equation (1} reduces to 
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Bj ualcg tha yaliie of = 0,8 for thin vanesj equa-- 
tlon (5) baoomes 



Results for vanos which have two different tiilckneaa 
distributions applied to mean lines approaching a circular 
arc are given In reference 9 and show that, for the opti- 
mum vane installation, the loss coefficient AH/q- is 
about 0.2^, a value relatively insensitive to vane thick- 
ness • For vane installations other than the optlmxun, 
the losses are higher and vary considerably with the pro- 
file of the vane« The angle of attack for thick vanes 
is approximately the same as for the thin circular-arc 
vanes and small variations from the optimum angle of 
attack do not appreciably affect the pressure loss. Values 
of from 0.9 to 1.0 may be used in determining the 

optimum number of these vanes to be used. 

Thin vanes of noncircular profile, which are suitablii . 
for installation in bends of equal inlst and exit cross- ' 
sectional areas, have been developed theoretically by 
KriSber (references ^,10, IJ, and ll|) • Profiles for these 
vanes are given in table I and figure 8(a). Testa (ref- 
erence L3) Indicated that installations using a vane of 
the type developed by Krober are very efficient, as shown 
by the low losses given In figure 8(b). The required 
number of vanes for a given installation can be deter- 
mined directly from the chord length and the gap-chord 
curve of flgwe 8(b;. The break in this curve between 
angles of bend from ]+.5^ to 60^ Is apparently a result of 
the methods used in developing the profiles. References 9, 
19, and 1^ give specific data only for angles of bend of 
30^, k5^, 60^, and 90^. 

Diff users Losses of straight-wall dlff users of 
circular cross section may be ccxaputed from the curve of 
figure S, which was derived from figure 10 of reference l5 
and figxire 1 of reference 16- The loss coefficient is 
given by the relation 
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where kg Is the quantity plotted in figure 9 against 
the*^^ equivalent oonloal- angle of ej:pan8l0n._ . The loss due 
to an abrupt expansion Is obtained from equation (4) by 
taking . k2 equal to unity. To a limited extent « the 
losses of diffuaers of nonciroulcu" oross section; particu- 
larly those of square cross ifectlon, are approximated by ' 
the loss of an "equivalent conical dlffuser" which has a 
circular cross section and of which the lengthy the inlet 
area, and the outlet area are equal to those of the non- 
olroular diffuser. 

The most efficient stralght-iwall diffusers are shown 
in figure 9 to be those of equivalent conical angles of 
expansion between J^ .and lO^* Frequently, however, 
because of restrictions on the length of diffuser, it is 
necessary to diffuse at angles higher than 10^. Curved* 
wall diffusers (references li4 and 1^)^ such as the design 
shown in figure 10, have been, found to have appreciably 
higher efficiencies than straight-wall diffusers, espe* 
cially at high angles of expansion. The performance for 
this type of diffuser is also shown in figure 10. At the 
higher angles of expansion, the lower pressure losses are 
obtained by diffusing gradually in the first part of the 
diffuser and more abruptly In the last part in order to 
delay the separation point In the flow. Tests reported 
in reference 1[> show no gain when the angle 2(p is made 
greater than \^^. Other sources (unpublished) indicate 
that,. If the angle 2q> is greater than 60°, large losses 
will occur* 

Diffusers followed by resistance units, such as 
Interoooler s > are subject to lower pressure losses at 
high angles of expansion than are indicated in figure 9« 
An experimental investigation to determine the shapes of 
circular diffusers for higlhest diffuser efficiencies in 
dif f user tresis tance combinations is reported in ref- 
erence 17* Figure 11 is a sketch of the optimum shape 
and a plot of the included angle between the stralg^ht 
walls of the diffuser 2(p against the equivalent conical 
angls of expansion 28. The values of 2(p are those 
values that gavs the highest diffuser efficiency. The 
splld and long-dash c\irve8 of figure 12 show the pres- 
sure' losses in terms of the. loss due to sudden expansion 
for diffusers dsslgned according to f igvire 11. The 
8hort«dash curve of figure 12^ which is an extension of 
the ourye given in figure 9, applies to straight-wall 
circular diffussrs not followed by resistance and la 
shown for comparison. 
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Branch, duo ta ,- 13ie problem of taking branches from 
a main air duot reBolves Into division of the main air 
stream and diversion of one or more of the oonaequent 
subdivisions of the main stream. Division should be 
made aa nearly as possible on a basis of reli^tlve air 
flows and is best accomplished with dividers or splitters 
of rather blunt^nose airfoil shape ^ such as the NACA 0021 
airfoil section- (See fig. 150 Enlargement of cross 
sections Immediately downstream of the point of dlvl^ 
8 Ion and In bends Is to be avoided* Entrances to branch 
ducts should be normal to the air flow. Plgure 15 Illus- 
trates tli3 Application of fcheso principles and shows the 
division of the main stream^ the diversion of one stream, 
and the subsequent subdivision of the diverted stream. 

The Internal^duct Inlet Is a special problem associ^ 
ated with branch ducts. The Inlet of a duct that taps 
air from a chamber In which the air is essentially 
stagnant Is known as an Internal inlet. Figure I4 shows 
several ezamples of such Inlets with aoco/npanylng repre- 
sentative values of prossuro-loaa coefficient taken from 
reference 11, The designs subject to the least pressure 
losses are the flared entrances, particularly the design 
using a lemnlscate. The equation of the curve in polar 
coordinates Is • 

r2 = 2K^ cos 26 

The .part of the lemnlscate ured In. the inlet deal^ ex- 
tends over a range of 8 from l6^ to 1+5° (fig. lIT) • 

Plow-resistance units set at angle to upstreran duct .- 
The meeting at an angle or rne incoming air v/itn tne race 
of a resistance unit causes a total-pressure loss that 
depends on the amount of angle, the efficiency of the 
resistance-unit core in its action as a turning vane, and 
the alr-fltream velocity. Data on those losses, from which 
the curves of figure 15 were derived, were obtained from 
reference 18 and from the Wrififht Aeronautical Corporation 
and the Naval Al»*oraft Factory. The data apply to inter- 
ooolers, circular oil coolers, axit' a vlscoua -impingement 
type of air filter. The geometry of the ducts and 
resistances is also shown In fitnire I5. The curves 
Indicate that the pressure loss is slnilar to the pres- 
sure loss of a duct bend in that* the aspect ratio of the 
resistance-imit air passages Is a controlling, factor. 
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Several exaxnplea Illustrating the oalfiulation of* 
presaure loas^ alt- flow; exit area, and internal drag 
for duct syBteas Z and IV of fi;giire 16 are given In 
tables II to IV. Each, of the hypothetical xluob aysteni^ 
shown in figure l6 adheres to the same gener&l apace 
requirements and has ary over-all increase In the cross-* 
sectional area from square foot at station 1 to k ^< 
3.0 square feet at station 6. ^Dhe selection of the 
pressure-loss coefficients Is illustrated for system I 
in table II* Step^by-step cojuputations for systems. I 
and XV are given In tables III and IV, and the pressure^ 
loss distributions of the four systerss are coiirpared in 
figure 17* 

Duct ayatem I (fig. I6) waa designed according to 
the two baaic prlnclpioa of duot dcslcn set forth In. the 
section entitled ^^Gcneral Principles of Duct Design*'* 
The high-velocity air at station 1 is expanded Iti a 
dlffuaor having an equival3nt conical angla - of expansion 
of which la ahcwn in figure y to bo eabjecb to mini- 
nuzn pressure leases* The dlffuser Is followed by a well- 
rounded bend cf constant cro;?a-sectj onal area. The 
rest of tho diffusion Is accomplished at a hlgh3r r£!:^e 
in a dlffu3Qi-. having aii equivalent conScal t^n^le of IJ.S^. 
Although th-3 rate of expansion is high in che second 
dlffuser, the loss is not excessive because of tho low 
dynamic proasure at the entrance. The second 90° turn 
is quite sharp but does not causf^ a lar^e pressure loss 
because of the lov/-veloolty air. Duct syaben II (rag.l6) 
was designed so that nart of the .cirea expansion is accom- 
plished in tne first 9^^ bend* Duct syste^a III is an 
example of a compromlae which emphasisos more than 
system I the principle of havlr^ low flow velocities* 
' The low flow velocity is obtained by diffusing at a 
higher rate of expansion. Duct systems III and IV repre- 
sent opposite extremes In relation to the Initial expan* 
slon of the air* In system III the expansion is accom- 
plished rapidly in a dlffuser having an equivalent 
conical angle of l6^ located upstream of the first bend;, 
in System IV all the expansion is accomplj shed between 
the two 90° turns- with the area constant- from- stations 1 
to 5. 

The duot system^s were assumed tp be installations 
in an airplane flying at Sea level in Army su/mnor air at 
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a true airspeed of 1;00 miles per hour. For simplicity, 
the total-pre88U3?e losses from the free stream to station 1 
were assumed to eq.iial the pressure rise given the air by 
the propeller; therefoire, the total pressure at station 1 
is equal to the free-si^ream total pressure. The a^la^ 
batlc temperature rise from the free stream to station 1 
was calculated by use of the following equation from ref- 
erence 2: 



The total-pressure loss through each duct unit was calcu- 
lated from the curves of this repoz-t as Illustrated in 
table II for system I. Tha conspreasrolllty correction 
to the dynamic precsure was iieglocted except at stations 0 
and 1 becBUse of the low velocities. The following equa- 
tion (from reference ^0) "^^^ used to calculate the com- 
pressibility factor Tc at stations 0 and 1; 



The temperature from stations 1 to 5 ^as assiuned constant 
because the systems contained no heet exchensers and the 
static-pressure chtngos were insufficlant to cause sig- 
nificant changes In temperature. With the foregoing con- 
ditions and assxunptlonSy the properties of the air at 
each station were calculated as shown In tables III 
and IV. 

The total-pressure losses for each system are plotted 
against the duct stations in figure 17^ In which system I 
la shown to be the most efficient.. The high losses asso- 
ciated with bends of increasing crosa-aectlonal areas are 
verified by the curve for system II. TLie curve for sys- 
tem III emphasises the Importance of eff jclently dlX- 
fuslng the high-velocity air even at the expense of 
greater bend losses j providing the bend des'lpn is rea- 
sonably good. The data for system IV indicate the 
importance of efficiently reducing the air velocity as 
soon as possible even in those cases In which the eff l-« 
ciency of some of the following units must be reduced. 

The calculations for system X have been extended 
to illustrate the method of obtaining air flow, exit 
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area^ and internal drag, B*:;oauae the calculation of prea- 
aui^eT 'az^ops ' across heat oxbhangerB la a -problom -outside 
the scope o.f this report^ tlie heat-exchanger pressure drop 
is not considered in the subsequent discussion. !Che 
nature of the calculation Is In no way affected by this 
slripllf Ication, but the resultant drag, internal-drag 
pov7er, and exit area will consequently be much too small 
to be representative. A well-designed exit duct was 
assumed to extend from station 6 to station 7, the exib, 
and the total-pressure losses In this contractlns section 
were assumed to be negligible* Several mass, air flows 
through the system ware assumed and the estimated total- 
pressure losses, exit velocity, exit area, and Internal - 
drag hoi*sGpov;er were evaluated for 6ach air flow. The 
static pressure at the exit was assiimed to equal the 
static pressure of the free stream; the temperature drop 
aaacclated with tho drop in static preosure from station 6 
to the exit at stabicn 7 ^ssUiUod to be adlabatlc. 
The following equation e.-ipr^sses this adisbatlc rolfition: 



The exit velocity V»- v/aa calculated b/ substitutlx;.*; 
AT^ and in ecuiitlon (5). TIio calculet ir^ns a or "a 

siaas air flow of 0.109 aJug pfti' S'jcond are siammartaf^ d ^ 
in tfible II I • Th3 Intsrnal-drag horaopowfr rsaused by 
the momentum deficiency of the dlsch&rgod a Li* and the 
exit areas required to obtain certaJn mars flows thi«ough 
the syjtem arc plotted against mass air flow In f Icure I8. 
Prom these curves the exit area required for a given mass 
flow or, conversely, the iimsa flow ocrresponding to a 
given e;:it area, iaa3' bo detert:iinsd. If a heat exchanger 
had been inolxided In the f or #? going ai^ranccment , the 
pressure drop across it, the rise in cooling-air tem- 
perature through it, and the resultant density changes, 
would have had to be taken Into account. 




J 



COKCLUDINa R3MARKS 



The pressure loss through a duct component is af- 
fected by the nature of the enterixiE flow and, when 
unsjfimiiatrlcal velocity distributions occur, tiio 
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pressure-loss ooefflolonta are higher than those given 
herein for conditions of uniform flow. This considera- 
tion raises the question of the accuracy wltli which the 
over-all losses for a duct system can be predicted by 
aummatlon of component losses obtained from the iiiaterlal 
in this report. As yet. no satisfactory answer to this 
question exists, but this lack of data 5.n no msy Irspaira 
the usofulnesa of the material contained heroin for de- 
signing duct systems for a minlTauin of loss. 

Althougjh the pressure losses In a well-designed duct 
system should be small compared with tlie unavoidable 
heat-axchangcr pressure drop, the margin of pressure 
available over pressure required is vary small ^ partlc-a- 
laFly for full-power climb; and elimination of unnecessary 
duct losses often makes the difference between an accept- 
able and an imacceptable installation. 
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TABLE I.- ORDINATBS FOR KRCB3R VANE PROFILES 



x/c 



0.0(3^ 

.05 

.10 

.15 

.20 

♦25 
.30 

.50 

.55 
.60 

.^5 
.70 

!2o 

.65 

.50 

.95 
1.00 



y/d 



90° bend 

0.000 
.087- 
.151^ 
.200 
.256 
.262 
.277 

.283 
.273 

.260 
.2142 
.219 
.192 
.167 
.137 
,10l| 
.071 

.037 
.000 



60° bend 



0.000 
.041 

■07k 
.100 

.12^ 
.lU) 

.153 
.161 
.166 

.168 
.1614, 

.157 
.151 
.lk2 
.129 
.111 
.096 
.072 
.OU8 
.026 
.000 



bend 


30° bend 


0.000 


0.000 


".oDI 


.051 






'09k 


.067 


.105 


.071 


.103 


.071 


""09^ 


.067 


.070 


.055 


.053 


.Oi;3 


.030 


,Odk 


.000 


.000 
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TABLE II.- BSTIMATION OP TOTAL -PRES3URE-L03S COEFFICIENTS FOR DDCT SYSTiaj I 
[Mass flov = 0.109 alug/aec; temporatura = 36k,k° F abaJ| 



Initial 
station 


Final 
station 


Controlling parauieters 


Calculated values 


Duct compondbt, rectangular diffuaers 






Dlffuser 
equivalent 
conical 
angle cf 
expansion, 
26 

(degj 


Initial- 
station 
crofls- 
sectlonal 
area. 


station 
cross- 
ccctlonal 
area. 

(sq ft) 


Dlffuser 
coofflcient, 

(fig. 8) 


Dlffuser 
total- 
pres sure- 
loss 

coefficient, ' 
A5/q 
(1) 


1 
3 


2 
k 


13.8 




0.515 • 
J.OOO 


0.150 ' 
.267 


0.05l|. 
.163 


Duct component, rectangular bends 






Bend 




Mass flow 


Reynolds 


Bend total- 

preaaure-lo8fl( 

coefficient, 

ABt/q 
(fig. 2) 






aspect 
ratio, 
h/w 


ratio, 
r/\Y 


Perimeter* 
m/p 

/sluJ5/8eo\ 
\ ft / 


nianber, 
R 

(fig. Kb)) 


2 
k 


3 
5 


1.0 
1.0 


•78 


0.0330 
.0158 


570,000 
155,000 . 


0.069 
.500 



-'•Dlffuser tot&l-prefi£'ire-loss coefficient 



NATIOK&L ADVISOKY- 
COHHITTBB FOR A2h0NAIITIC3 




lorn /ddjbbd 

Reynolds number ^ R 

fa) Reynolds number , IjOOO to /OO^OOC 
Figure L-rrictlon-facfor and Reynolds number determination ibr straight ducts. 
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Fig. Sa 




(a) Reynolds numbr^ tOOpOO. 
Figun Z.^ Total -press tire -/ass coeff/c/ents for 
nctangular SO* bends. 



Totah pressure- loss cotfftdeni'^ ^H/^ 
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Pig. 3a 




Aspect ratio J h/w 



(a) /Reynolds number ^ ISOjOOO^ 
f/^ur^3r To tcf/ ^pressure ^/03s coeff/cierfts -for 

elliptical teind. 



NACA ARR No. L4P26 



Fig. 3b 




.4. .5 '6.7-6.9/ Z 3 

A-s petit ratio, fy/y/v 

Retinoids number y ^300,000. 
Figure 3 .' Centinutd . 
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Pig. 3c 




(c) Reynoids number, 600,000. 
Figure 3," Concluded. 
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Pig. 4 
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O 4 . B 12. /.6 ZX> ZA 

Width of entrance/ y^/dth of ex/f, ^jn/w^ 

Hguro ^.-Total-pre^ore-toas coefficient factor fCf 
for SO* bend of changing area. 
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Pig. 6a 




fc^ Bends without spacers; Reynolds ntunber^30q000. 
Figure G TofQl-pre^sur^-Zoss coefftcf'ents for compound 
rectofigulor (/- Z- ond 90 <- offset bends. 
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Pig. 6b 




4 5* 6 7d9K> 



Aspect ratiOyh/u 

M Bends without Sfiaeers; Reynolds numb^r^ 600jOOO. 

Figure 6 . " Continyrd. 
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Fig. 6 




.^ -J ^.SAJ.Q3t Z 3 4 5 676&I0 

Aipect rattOi 

(e) Bendf v^ifh S'fod' Jjuicer s fieynold^ number^ 600j000, 

figure 6 , - Concludecf. 




(o^Varit profiles (a and coordinates of poinfs on vane prof He), 

Figure 8,~ Design datou for Krdber thm vanos.CDatoL fo^/3*30*'^S. 

60^ and taken from reference S .) 




AO 50 QO TO aO 
fKngiG of bendffiideg 
(b) l/dne characteristics at o Reynolds r^umber of 40,000. 



Figure 8 Concluded, 
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4 5 /2 \6 ZO Za 3Z 36 40 44 

Equiv^a/ent conicai angle of expansion^ ZS^deg 

FiQure9- TotaJ- pressure ^ioss coefficient factor kz 
for straignt-bjall conical diffusers. 
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Fig. 10 
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OA & fZ 16 20 2b 

Equivatcnt con/cai anglo of expansi6n,Z6f£i/egf 
Hgure lOr Total- pressure-ioss coeffici&nt factor 
for curved'waf/ conicaf diffuaers. 




10 ZO 50 40 50 CO 70 
Cq^u/Va/ent conical ang/G of expanstorit tQ^ dag 

Figure II. ^Oesign of conical diffu9ers lbfloi>ved by resistance t/nit9» 
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40 50 

Equivalent conica/ angle of expansion, Z6, cleg 
Figure IZ.-Total^ pressur&-loss coefficient factor k^^ for 
conical diffusers illostrated in figure II, 
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ft^uf 14." Internal ^duct'inlet designs and 
total -pressure- toAS eocf^f icients. 
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Pig. 




Cooling air' 
Tnt^rcoohr , A, 



Oi/ eoohr 
Ctrcoforr oil coo/mr 




Cooling 4^ 



^7 




Intercoohr, 



V^oc/a -imping^me/ft 
type air filier 



10 
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-S 

5^ . 



f^bbon-type rectangular intencoohr 



Circular oif coohr 
— ^Pr/qfr' 



V/scous -tmpfngement type o/r 
ffher 
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JO 40 
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Figure IS^-Tatahpres^ure-hai coefficients for res/ls^ance 
self on angh to the upsttearn c/uct{oi^rcfge 
Vfr 9 /6.5 feef per aecond). 
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Pig. 16 
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Fig. 17 




Station 

Figura n.^ Comparison ttf toto^l-press ure 
losses through sample duct systems* 
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Pig. 18 




E B R A T A No., 1 

MCA AER LkT26 

DESIGN OF POWER-PLAMT INSTAIIATIONS 
ERESSURB-LOSS CHARACTERISTldS OP DUCT COMPOKSraS 
By John R. Henry 

June I9H 




Pages 8 and 9 and figures 2, 3^ and 6 have "been corrected to include a 
calculated friction loss in the over-all loss coefficient for the 
hend. The corrected pages are attached to replace the corresponding 
pages and figures in the original version of this paper. 
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velocity and the hydraulic diameter or the duct- Values of f ohtained 
from figure 51 of reference h are plotted -against Reynolds number in 
figure 1. Data in figure 13 of reference 5 agree closely with values in 
figure !• Determination of the Reynolds number is facilitated by supple- 
mentary curves obtained by plotting the ratio of mass rate of flow to 
duct perimeter against Reynolds number for a number of air temperatures. 
The kenetic viscosity of the air used in constructing the supplementary 
curves of figure 1 was determined by Sutherland's equation as presented 
in reference 6. 

A typical value of AH/q for straight aircraft ducts is 0-02 ^, 

which is usually inconsequential compared with other parts of the system, 
and the loss in sections of straight ducts is generally neglected. Long 
winding ducts of small diameters^ such as cabin-heater ducts, are some- 
times treated as straight ducts of higher than average pressure loss dpe 
to friction- The use of 

^ = 0.04 I 
q D 

is recommended in reference J. 

9QQ bends of constant-area rectangular cross section .- Pressure-loss 
coefficients of 90" bends of constant-area and rectangular cross section 
given in figure 2 for three values of Reynolds niimber based on hydraulic 
diameter are derived from data appearing in references 5 and 8 to 12. 
The data of reference 5 are presented as a loss coefficient chargeable to 
turning which was obtained by subtracting from the measured over-all loss 
of the combined approach duct^ bend, and tail pipe a calculated friction 
loss for the approach duct, bend^ and tail pipe- All the bend data pre- 
sented herein have been reduced to an over-all loss coefficient for the 
bend proper^ or the data of reference 5 restored to an over-all loss by 
adding in the calculated friction loss of the bend. Figure 2 indicates 
that increasing the radius ratio beyond a value of about 2,00 yields no 
further reduction in loss, and that the optim\iin aspect ratio varies 
markedly with Reynolds number- 

. 90^ bends of constant -are a elliptical cross section .- Pressure-loss 
characteristics of 90° bends of constant-area. elliptical cross section 
are given in figure 3 for three values of Reynolds number. The data 
include circular ducts as a special case. The same general effects of 
radius ratio and the existence 'of an optimum aspect ratio are noted for 
the bends of constant-area elliptical cross section as well as for 
rectangular bends. The effects of Reynolds number are much less for 
bends of elliptical cross section than for bends of rectangular cross 
section. 
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90^ "bends of changing area >- Significant data (derived from 
reference 11) concerned with the relation of area change to the loss 
in 90^ .9^..^ particular geometry are shown in figure In this 

figure the ratio of Toss in a hend with changing area to that in a 
"bend with identical inlet form hut constant area is plotted against 
the ratio of entrance width to exit width of the nonuniform hend. 
Important reduction of loss in converging hends and serious increases 
in loss in diverging hends are noted; the loss increases are par- 
ticularly serious for bends of small radius. 

Simple bends other than 90^^ -- Ho satisfactory correlation has 
been made of data for variation of pressure-loss coefficient with 
angle of bend. Pressure loss of k^^ bends can apparently vary from 
one-third to two-thirds the loss of a similar 90° bend, according to 
the test conditions - 

Compound bends . - Pressure -loss coefficients for three types of 
compound bend (fig- 5) derived from reference 5 are shown in fig- 
ure 6. Inasmuch as differences in the losses between the Unbends, 
Z-bends, and 90^ offset bends appears from reference 5 to be small 
and inconsistent, the curves presented are averages of results for 
the three types of bend. There appears to be little variation of 
loss vith Reynolds number. Introduction of a 5-foot spacer between 
the two parts of the compound bend increases the over-all loss appre- 
ciably due to the added friction loss- A comparison of the l80^ bend 
(U-bend) data of figure 6 with the 90^ bend data of figure 2 shows that 
the relative loss varies to a marked degree with the radius ratio and 
aspect ratio of the bend. 

Effects of surface roughness on bend losses ,- The effect of sur- 
face roughness on the losses in straight pipes has already been given 
by the curves of figure 1. A study of pressure-loss data for bends 
of angles from 30^ to 90° and radius ratios from 1 to 6 (refer- 
ence 11) indicates that the inflxience of surface roughness on the 
loss in bends, and pMsumably of other duct components in which major 
flow disturbances arise, is very much greater than can be attributed 
to the increase in skin friction at the mean velocity of flow. 
Analysis of the data in reference 11 suggests that the ratio of 
losses throiigh two bends, identical except for surface roug^ess, 
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